Introduction
[2] At mid-oceanic ridges (MOR), extension follows a magmato-tectonic cycle, with discrete episodes of intense magmatic and seismic activity separated by long periods of quiescence. During rifting episodes, the stress accumulated in the lithosphere is relieved by accretion of material, involving the injection of magma from a mantle source into one or a succession of dikes [e.g., Björnsson, 1985] . Dike opening at depth induces slip on steeply dipping conjugate normal faults above and perhaps ahead of the dike [e.g., Rubin and Pollard, 1988; Wills and Buck, 1997] . Migration of seismicity during the coeval earthquake swarm suggests that intrusion of an individual dike takes place within hours by lateral transport of the magma over distances that can reach several tens of kilometers [e.g., Sykes, 1970; Einarsson and Brandsdóttir, 1980; Dziak et al., 2007] . Magma chamber inflation and deflation cycles can also occur when magma is temporarily trapped inside the crust prior to intrusion or extrusion [Björnsson et al., 1979] .
[3] Opening of dikes is largely aseismic and normal faulting contributes little to seismicity [e.g., Solomon et al., 1988] . Thus, to understand the processes involved, direct observation of corifting displacements is needed. This is not possible for submarine rifts. At subaerial rifts in Iceland and Afar, direct geodetic measurements are available for only two rifting episodes (Krafla, Iceland, 1975 -1984 and Asal-Ghoubbet, Djibouti, 1978 .
[4] The rifting episode that is currently taking place in the Afar depression (Ethiopia), started on September 2005, provides an invaluable opportunity to constrain existing models of rifting [e.g., Tapponnier and Francheteau, 1978; Lin and Parmentier, 1990; . This rifting episode includes a large volume dike intrusion and interaction with existing magma chambers. Conditions for satellite-based data acquisition are exceptionally good in Afar, and the static displacements at the surface were remarkably large. The deformation field can be interpreted within the framework of the elastic rebound theory, and geodetic data may be inverted in order to retrieve the geometric parameters of the dikes and faults. Wright et al. [2006] and Ayele et al. [2007] already produced models of the slip and opening distribution. Their inversions, however, were hampered by the inherently low resolution on the predominantly E-W horizontal component of deformation, which cannot be resolved easily in the near field because of decorrelation of interferometric synthetic aperture radar (InSAR) where large rapidly changing displacements occur. Also, they did not discuss the sensitivity of their solutions to a deep deflation below the dike, which is likely to have happened.
[5] In this paper, we perform a subpixel correlation [Michel et al., 1999a [Michel et al., , 1999b of three pairs of optical SPOT images (SPOTIO) that span the September 2005 Manda Hararo-Dabbahu rifting event. The introduction of this independent measurement of the two orthogonal components of horizontal displacement allows the riftperpendicular horizontal component of deformation to be separated from the vertical component. Besides representing a substantial improvement in the resolution of the distribution of opening of the dike, a clearly asymmetric behavior of normal faults above the dike is documented for the first time. These new observations also have implications on our understanding of the mechanics of rupture at low confining pressure and of the accretion processes that take place at magmatic rift segments.
Regional Context and Overview of the Rifting Episode

Tectonic Setting
[6] The Afar triple junction lies between the diverging Nubian, Arabian and Somalian plates ( Figure 1a ) [e.g., McKenzie and Davies, 1970; Mohr, 1970] . It formed by stretching of the cratonic lithosphere of NE Africa, which initiated around 30 Mya in response to the regional uplift caused by the impact of a large plume [e.g., Burke and Dewey, 1973; Courtillot, 1982; White and McKenzie, 1989; it Schilling et al., 1992; Ebinger and Sleep, 1998 ]. From around 15 Mya, sustained extension and oceanization occurred along the Red Sea and Aden ridges [e.g., Cochran, 1981; Leroy et al., 2004; Bosworth et al., 2005] . Within the Afar depression, the eruption of the mainly basaltic trapplike Stratoid Series, between 3 Mya and 1 Mya, is generally believed to mark the onset of continental breakup [Barberi et al., 1975; Barberi and Santacroce, 1980; Courtillot et al., 1984; Deniel et al., 1994; Zumbo et al., 1995; Lahitte et al., 2003b] .
[7] The Red Sea-Gulf of Aden megastructure (NNW-SSE and WNW-ESE trend, respectively) today constitutes the southwestern boundary of the Arabian plate [Barberi et al., 1972b] . In northern Afar, Quaternary extension and volcanism occur along magmatic segments typified by the Erta'Ale and Alayta axial volcanic ranges [Tazieff et al., 1972; Barberi et al., 1972a] . Farther south, evidence of the most recent tectono-magmatic activity occurs along the Manda Hararo and Manda Hararo-Goba'ad rifts [CNR-CNRS Afar Team, 1973; Varet, 1975] . In eastern Afar, the Asal-Ghoubbet rift (Djibouti) is the onland termination of the westward propagating Gulf of Aden oceanic ridge [de Chabalier and Avouac, 1994; Manighetti et al., 1997; Audin et al., 2001] . It is connected to the Manda Inakir volcanic rift to the north via an incipient transfer zone [e.g., Stieltjes, 1980; Manighetti et al., 1998 ].
[8] The incomplete connection between the Red Sea and Gulf of Aden Rift Systems involves a complex overlap in central Afar, resulting in bookshelf faulting in the overlapping area [Tapponnier et al., 1990; Manighetti et al., 1998; Audin, 1999; Manighetti et al., 2001; Kidane et al., 2003] . The largest earthquakes recorded in Afar (maximum magnitude M S = 6.3) occurred in this area during the 1969 Serdo and 1989 Dôbi earthquake sequences; they were not associated with magmatism [Gouin, 1979; Kebede and Kulhánek, 1989; Jacques et al., 1999] .
[9] Estimates of the velocity of Nubia/Arabia plate divergence, directed $N45°E at 12°N, vary from 18 mm/a for plate kinematics models ($3 Mya time-averaged) [Jestin et al., 1994; Demets et al., 1994; Chu and Gordon, 1998 ] to 15 mm/a for GPS measurements [Ruegg et al., 1993; Walpersdorf et al., 1999; McClusky et al., 2003; Vigny et al., 2006] . In southern Afar, the $E-W opening of the Northern Main Ethiopian Rift (MER) occurs at a slower velocity of 5 mm/a, as determined by both ''geological'' [Jestin et al., 1994; Chu and Gordon, 1999] and geodetic methods [Mohr, 1978; Bilham et al., 1999; Vigny et al., 2006] . There, strain is localized since $2 Mya on 10 km wide en échelon magmatic segments, testifying of an early stage of incipient ''oceanic segmentation'', less evolved than that of central and northern Afar rifts Ebinger and Casey, 2001; Wolfenden et al., 2004] .
[10] Prior to the onset of the 2005 Manda HararoDabbahu rifting event, the 1978 Asal-Ghoubbet rifting episode was the only example of a tectonic and magmatic crisis associated with seafloor spreading in Afar. It was associated with a fissural basaltic eruption, fissures opening, up to 80 cm of slip on normal faults within or at the edges of the inner floor, the intrusion of basaltic magma at depth along one or two vertical dikes, and a seismic swarm that lasted for 2 months (two M > 5 earthquakes, maximum magnitude m b = 5.3) [Abdallah et al., 1979; Ruegg et al., 1979; Le Dain et al., 1980; Lépine et al., 1980] . During the main rifting event, both reactivated and newly formed fissures and faults were observed. The geometric features of the two inferred dike planes (height of 4.5 km, lengths of 4.1 and 8.9 km, and widths of 2.1 and 4.1 m) yield an estimated volume of intruded magma of 0.2 km 3 . This is about 10 times the volume of extruded lava [Allard and Tazieff, 1979] , thus much of the material remained in the crust.
Manda Hararo-Dabbahu Rift
[11] The September 2005 rifting event ruptured the northern part of the Manda Hararo Rift (MHR) and the eastern flank of the Dabbahu volcano [Barberi et al., 1972b; CNR-CNRS Afar Team, 1973; Varet, 1975] (Figure 1b) . The term ''Dabbahu Rift'' was introduced to describe this section of the Red Sea megastructure . However, petrological features of lavas erupted at Dabbahu show some analogies with that of axial volcanic ranges of Erta Ale and Alayta, although the morphology of Dabbahu volcano is more that of a strato-volcano built by the recent accumulation of silicic products [Barberi et al., 1974 [Barberi et al., , 1975 . In contrast, south of Dabbahu, the northern MHR is characterized by structural and magmatic characteristics similar to that found at several second-order segments of the slow spreading Mid-Atlantic Ridge [e.g., Gràcia et al., 1999; Dunn et al., 2005] . Quaternary fissural basaltic activity has taken place in the graben floor, and the axial depression is narrower and more elevated near its center, suggesting a focused midsegment melt supply [e.g., Rowland et al., 2007] . Migration of seismicity during the emplacement of the June and July 2006 dikes suggests that this inferred source of magma (which we call ''Wal'is magma chamber'' in the following) is currently active, and has fed the dikes intruded in the MHR from 2006 to 2009 Ebinger et al., 2008; Hamling et al., 2008] . Furthermore, a now partially dissected Silicic Central Volcano, the Ado'Ale Volcanic Complex (AVC), lies on both sides of an axial basaltic shield volcano, a configuration similar to the proto-oceanic Asal-Ghoubbet Rift (Djibouti) [de Chabalier and Avouac, 1994; Lahitte et al., 2003a] , and some sectors of the Mid-Atlantic Ridge [e.g., Rabain et al., 2001] .
[12] In this paper, we make a distinction between (1) the ''Dabbahu Volcanic Complex'' (north of 12.60°N), where faults have an overall $N-S trend, and (2) the ''Northern Manda Hararo Rift'' (south of 12.60°N), which has a more NNW-SSE trend and is itself divided into a northern and a southern part separated by AVC at 12.35°N. For convenience, the terms ''Northern Manda Hararo'' (NMHR) and ''Dabbahu'' are used in the following. The name ''Manda Hararo-Dabbahu Rift'' is preferred to the term ''Dabbahu Rift''.
[13] The Manda Hararo-Dabbahu Rift overlaps with the Manda Inakir Rift in its southern part only ( Figure 1a) ; thus, we assume that, along this section of the plate boundary, extension operates at nearly the full spreading rate. The southern MHR is offset to the east with respect to the northern MHR; to the north, the Alayta volcanic range is also offset to the east (Figure 1b) [e.g., Hayward and Ebinger, 1996; Manighetti et al., 1998; Rowland et al., 2007] . Whether the existence of Dabbahu is a consequence of the relay zone between the Alayta magmatic segment and the MHR, as can be deduced from an analogy with segmentation of the northern MER, or was ''captured'' by the current rift zone configuration, is still debated Ebinger et al., 2008] [15] The Manda Hararo-Dabbahu rifting event started on 14 September 2005 with a seismic swarm that lasted for about 20 days; seismic activity culminated on 24-25 September 2005, with the occurrence of the largest shock (M w = 5.5) and the maximum number of events ( Figure 2 ) Yirgu et al., 2006; Ayele et al., 2007] . The cumulative seismic moment of the 167 events reported by NEIC is 3.4 (±0.7) Â 10 18 Nm, equivalent to a single M w = 6.3 earthquake (auxiliary material).
1 A total of 15 earthquakes with M > 5 were recorded; the 20 available CMT focal mechanisms show predominantly normal faulting [Dziewonski et al., 1981] , except for 4 of the largest shocks (5.5 > M w > 5.0), for which the double-couple Dziewonski et al. [1987] decomposition. However, using the Knopoff and Randall [1970] decomposition for these 4 events, the double-couple component only represents 58% to 24% of the total moment.
[16] An explosive eruption occurred on 26 September 2005 at Da'Ure, a locality situated on the eastern flank of Dabbahu volcano (Figure 1b ) . The composition of erupted material is consistent with heating of a felsic magma caused by the influx of hot basaltic material Yirgu et al., 2006] .
[17] In the Da'Ure area, one individual westward facing fault showed evidence of fresh vertical displacements of up to 5 m Rowland et al., 2007] . On the northern side of the AVC, Rowland et al. [2007] reported extensive faulting and fissuring, with up to 6 m of dip-slip motion on a group of faults and fissures forming a small graben; in this area, dilation predominantly occurred $2 km to the east of the inferred axial depression, which remained undisturbed. It is not known whether the large quantities of slip were accommodated at once, or accrued during several subevents.
[18] InSAR studies of the September 2005 rifting event showed that a 65 km long dike had opened by an average 4 m at 2 -8 km depth, with a maximum of 8 m; $2 m of subsidence had also occurred above two magma chambers located on either side of the eruption site, below Dabbahu and Gabho Ayele et al., 2007] . Wright et al. [2006] , using synthetic aperture radar (SAR) image offsets (SARIO) in addition to InSAR data, also inverted for slip on two sets of conjugate 65°-dipping normal faults above the dike; their best fit model yields an average $2 m of slip (maximum $7 m).
[19] Relative relocations showed that seismicity prior to 24 September 2005 predominantly occurred to the north, possibly in the Dabbahu area, while later earthquakes were located 20 -30 km more to the south; however, only regional and distant stations provided data for this time period, and absolute locations are poorly constrained Ayele et al., 2007] . Making an analogy with the Askja (1874 -1875) and Krafla (1975 Krafla ( -1984 rifting episodes in Iceland [e.g., Sigurdsson and Sparks, 1978; Brandsdóttir and Einarsson, 1979; Tryggvason, 1984; Björnsson, 1985] , Ayele et al. [2007] suggested that an injection of magma from the northern magma chambers into the dike could not be ruled out. However, the volume loss at the two magma chambers is only $30% of the dike volume, and alternative mechanisms have been invoked: (1) underestimation of the actual volume loss at magma chambers due to simplistic assumptions in elastic inversions, (2) undetected transit of magma into and then out of the shallow magma chambers occurring between the two SAR acquisition dates, and/or (3) deflation of a deeper, yet undetected magma chamber Hamling et al., 2008] .
[20] An emergency seismic network was deployed on 19 October 2005. In the few months that followed the main rifting event, the dense seismic activity at Dabbahu (which continued deflating until January 2006) and Da'Ure, and the contrasting ''silent'' reinflation of Gabho magma chamber, point to complex magmatic plumbing in the Dabbahu area. Continued seismicity, with normal focal mechanisms, was also measured along the newly intruded dike; yet, while faulting occurred down to 12.15°N during the September 2005 rifting event, no earthquakes could be located by the emergency network south of 12.30°N .
[21] A total of ten smaller intrusion events have occurred in the southern part of the Northern Manda Hararo Rift from June 2006 to February 2009 Keir et al., 2008; Hamling et al., 2008] . Seismicity associated with the emplacement of the 17 June 2006 dike migrated from south to north, whereas the 25 July 2006 dike propagated toward the south; this is compatible with the presence of a midsegment magma reservoir at great depth (>10 km) . However, except perhaps in the case of the southernmost dike of 12 November 2007, deflation of this magma source could not be clearly deduced from geodetic data [Hamling et al., 2008] .
Data
InSAR
[22] The ENVISAT satellite of the European Space Agency has collected SAR data both before and after the September 2005 rifting event (Table 1) . Using the ROI_PAC software [Rosen et al., 2004] , we processed two interferograms spanning the main intrusion event, on tracks 49 and 28 (descending and ascending passes, respectively) (Figures S1a and S1b). This technique provides a measurement of ground displacements projected onto the line of sight (LOS) of the satellite, which makes an $20°angle with the vertical. The topographic signal was removed from the interferograms using the 3 arc sec SRTM digital elevation model (DEM). Ground pixel size is 90 m, and accuracy of measurement is of the order of magnitude of $1 cm ( Table 2 ). The western side of the rift is well covered by the descending track only. The coherence is excellent, and phase unwrapping was possible up to 2 km from the rift zone. In the inner region, large displacement gradients impeded further unwrapping.
SAR Image Offsets
[23] We correlated SAR amplitude images to measure subpixel displacement in the LOS of the satellite (''SARIO range'', Figures S1c and S1d) and horizontally along the satellite heading direction (''SARIO azimuth '', Figures S2a and S2b) [e.g., Michel et al., 1999b] . We used the same prediking and postdiking SAR images that were used for InSAR (Table 1) . Correlation is calculated on 4 (in range) by 20 (in azimuth) pixel-wide windows, yielding a SARIO ground pixel size of 90 m. The accuracy of the measurement is typically $10% of the pixel size of the raw SAR image ($4.7 m in azimuth, $7.8 m in slant range); thus, the error in azimuth ($30 cm) is less than the error in range ($50 cm) ( Table 2 ). However, errors are not uniformly distributed: they are larger in the areas where InSAR coherence is low (ponds, vegetated areas), and at image edges. The measurement provided by SARIO range is complementary to InSAR, since SARIO is efficient in the regions where ground displacement is large, that is where InSAR usually decorrelates; SARIO azimuthal offsets provide information about horizontal displacements that are perpendicular to the InSAR LOS displacements.
SPOT Image Offsets
[24] Applying the subpixel correlation method to optical images [e.g., Michel et al., 1999a Michel et al., , 1999b Van Puymbroeck et al., 2000; Leprince et al., 2007] , which may have a much higher resolution than SAR amplitude images, is currently the most efficient way of measuring the two horizontal components of the displacement field [e.g., Michel and Avouac, 2002; Dominguez et al., 2003; Klinger et al., 2006] . We performed a correlation of 10 m resolution SPOT-2 and SPOT-4 images (Figures 3a, S2c, and S2d). The scenes were acquired at the same hour of the day, with an approximately 1 year temporal baseline and with an incidence angle close to vertical (Tables 1 and 2 ). Prior to coregistration, images were first resampled to 8 m resolution to prevent information loss, and correlation was calculated on 16 pixel-wide windows, yielding a SPOTIO ground pixel size of 128 m. The two orthogonal components of the horizontal displacement are measured (''SPOTIO column'' and ''SPOTIO row''). In order to cover the whole rift, three image pairs were processed separately.
[25] The key problem that arises when using SPOT image offsets is the removal of two orthogonal ''corrugated perturbations'' of the signal with a typical wavelength > 5 km. These perturbations are caused by inaccuracies in the determination of the satellite attitude (pitching and rolling), and affect independently the measurements made along columns and rows. For each component, we removed the perturbation empirically, in an iterative fashion, by stacking measurements along one coordinate axis, then fitting the resulting stack with an appropriate polynomial function, and Rowland et al. [2007] ; blue, eastward dipping faults; red, westward dipping faults; b, young basalts; r, silicic edifices; curved dashed lines, surface trace of normal fault planes used in the inversion; straight dashed segments, surface trace of the three dike planes used in the inversion; and double solid lines, profiles discussed in detail throughout the text. subtracting the resulting function from the original measurement; this process is applied several times with alternating stacking directions (rows or columns), until the perturbation is removed. Prior to the fitting step, the areas of deformation were masked so that only undeformed regions were used to remove the perturbation. This process gave a very good result on two couples (SE and NE) where deformation was restricted to a small fraction of the images, and measurement errors are estimated to be less that $30 cm at long wavelengths. On the third couple (NW) this correction was more difficult because of the presence of large areas of low correlation, and several artifacts remained superimposed on the estimated surface displacements. This deformation can be interpreted as continued intrusion at depth in this area . Thus, we conclude that the horizontal displacements that occurred between late October 2005 and early January 2006 are much smaller than those that occurred until late October 2005, except maybe in the vicinity of the midsegment Wal'is magma reservoir at 12.30°N, where corifting horizontal displacements detected by SPOTIO may be overestimated by up to 10% ( Figure S4 ). In any case, although the different images presented in this paper all bracket the September 2005 event, they also include a 10 month long interval of prerifting deformation and a 1 month long interval of postdiking deformation which cannot be separated from the main rifting event.
Internal Consistency of the Data Set
[27] The three techniques that we used to retrieve surface displacements have distinct noise structures and individual measurements may be affected by long-wavelength biases. Fortunately, the different configurations of acquisition are geometrically redundant, allowing for cross validation of the different data sets (Table 2 ). For instance, the consistency of the InSAR and SARIO ranges can be readily checked, because they measure the component of the displacements projected onto exactly the same LOS vectors. Similarly, the two SARIO azimuth components on one side (ascending and descending), and the two SPOTIO components on the other side (row and column), both capture horizontal displacements on two distinct directions, allowing independent estimates of horizontal offsets along any direction. Comparisons show the very good agreement between independent observations, although some longwavelength inconsistencies remain on the horizontal component because of an incomplete removal of column-or row-aligned perturbations of SPOTIO measurements (Figure 4) . However, consistency of short-wavelength offsets, such as horizontal dilation across individual faults, is verified down to $20 cm.
Fault Mapping
[28] Prior to interpreting geodetic data in terms of motion of faults at the surface, we mapped in detail the faults and fissures that have been active in the few months that followed the main rifting event. This was done by combining information provided by (1) panchromatic Quickbird images (resolution 60 cm), (2) a DEM generated from a pair of SPOT-5 stereo images (resolution of 20 m), (3) InSAR phase spanning the postdiking period, unwrapped at full resolution (resolution of 20 m), and (4) associated coherence image ( Figure S3 ). For each mapped fault, using the DEM, a dip direction was attributed (either eastward dipping or westward dipping) when the cumulative throw was sufficient. Most phase discontinuities correspond to motion on faults showing a clear topographic expression. We also mapped surface breaks associated with newly formed scarps in sediment-filled depressions and young lava flows. We have assumed that the faults for which there is clear evidence of activity after the September 2005 rifting event were also active during the rifting event itself (no newly activated structures after September 2005). No evidence of active faults breaking the surface could be observed with InSAR on the eastern slope of Dabbahu in the postdiking period ( Figure S4) ; thus, in this area, mapping was based solely on the comparison between corifting SPOTIO measurements and fresh surface breaks observed on Quickbird images.
[29] In Figure 3 , the result of this mapping has been plotted, together with the DEM derived from SPOT images, and the component of rift-perpendicular horizontal deformation during the main rifting event, deduced from SPOTIO. The observations reported by Rowland et al.
[2007] are in agreement with the fault mapping and geodetic data presented here. In the Da'Ure area, horizontal dilation described at localities 1 to 4 reached a total of $5 m over a lateral distance <1 km according to SPOTIO. The small grabens of localities 6 and 7 are indeed located on the intensely deformed sides of an 3 km wide subsiding axial zone. Localities 8 and 9, where no deformation was reported, lie just outside of this area of subsidence, on the footwall of inferred border faults.
[30] Larger-scale observations can also be made using our geodetic data set and fault mapping (Figure 3) . At $12.60°N, the change of trend of the rupture zone is abrupt; it could be caused by a perturbation provoked by the topographic load of Dabbahu and/or the presence of underlying magma chambers. South of Dabbahu, surface ruptures are arranged along two $25 km long right stepping approximately parallel subsegments. The numerous en éch-elon faults at $12.35°N are evidence of the localized step of the ruptured fault zone at the junction between the southern and northern subsegments. More surprisingly, we observe that most of the faults that were mapped have a dip toward the west, and that only a minority of ruptured faults dip toward the east. Furthermore, the former are often associated with well-expressed scarps, while the latter have more tenuous topographic expressions. These features are most pronounced between Dabbahu and AVC; this is in keeping with the eastward position of the September 2005 dike with respect to the axial topographic low in this sector of the rift [Rowland et al., 2007] . This suggests a segmentation of the rupture into three subsegments, as shown in Figure 3 . We also notice a widening of the subsiding zone, from 2 km to the north, to 3 km at the center, and 4 km to the south.
Preliminary Ground Motion Analysis
[31] Our data set consists of 8 independent measurements of projected surface displacements: two InSAR (ascending and descending), two SARIO range (ascending and descending), two SARIO azimuth (ascending and descending), two SPOTIO (row and column). In most of the area of interest, accurate measurement of horizontal displacement (SPOTIO), allows for separation of the vertical and horizontal components of displacement using a simple pixel-bypixel least squares inversion (Figure 5a ). To the first order, we observe (1) horizontal displacements of the rift shoulders away from the axis, in a ENE-WSW direction, combined with uplift, (2) subsidence of the rift inner floor, and (3) subsidence in two circular regions, at the northern end of the rift. These are interpreted as the superimposed effects of (1) the inflation due to the opening of a vertical dike at depth [Pollard et al., 1983] , (2) dip-slip motion on shallow synthetic and antithetic normal faults located along the borders of the rift [Rubin and Pollard, 1988] , and (3) deflation of two magma chambers [Mogi, 1958] , respectively.
[32] Finally, in Figure 6 , the vertical and horizontal offsets across the inferred border faults have been plotted along strike (estimates are not well constrained in the Dabbahu area, and will not be discussed). We observe that, south of $12.55°N, the estimated vertical throw is fairly equally partitioned between the two sides of the dike, with an average value of $2.5 m. However, the horizontal component of offset is systematically larger across the inferred eastward dipping border fault ($3-4 m) than across the inferred westward dipping border fault ($2 m), especially between Dabbahu and AVC. This indicates asymmetry of the motion on border faults, resulting in an absolute $1.5 m eastward horizontal displacement of the ''wedge'' of crust bounded by these conjugate fault systems. This possible shallow opening on one side of the dike will be taken into account in the inversions presented in section 4.
Elastic Modeling: Fitting Geodetic Data With Dikes, Sills, and Faults
[33] In this section, following a linear inversion, we use surface displacements to invert for dike opening, magma chamber deflation, and slip on border faults by modeling them as dislocations in an elastic half space [Okada, 1985] . The final solution is not unique, and relies on a series of assumptions: data downsampling (decimation), geometry and discretization of the model, and regularization parameters.
Data Decimation
[34] Decimation must be performed in order to keep the inverse problem computationally tractable. Subsampling cannot be too severe in the near field because of strong gradients of deformation. On the contrary, far-field data are highly redundant, because of a lower gradient of deformation, but must still be taken into account because it contains information on deep processes. Building a resampled data set with a spatially variable sampling density is the best method to achieve this task [e.g., Jónsson et al., 2002; Simons et al., 2002; Lohman and Simons, 2005] . In this study, we have implemented a scheme whereby sampling density of each data set is decreased incrementally as distance from the fault zone increases ( Figure S6 ). We also forced the relative sampling density of every component to remain uniform. Thus, the resampled data set contains more points close to the rift, and each measured component everywhere represents the same fraction of the data subset. After this subsampling step, no further weighting is performed, and all points have the same weight in the inversion. From an initial number of 9.3 Â 10 6 pixels, the data subset is reduced to 6.2 Â 10 3 points (Table 3) . [35] Prior to the inversion of the whole data set, we determined the position and the geometry of the dike at depth using a nonlinear inversion scheme [Tarantola and Valette, 1982] . For this step, following Rubin and Pollard [1988] , near-field data (within 4 km from the border faults) was masked, to exclude the deformation induced by normal faulting. The part of the data set that is less biased by longwavelength perturbations has been used (the 2 InSAR images, plus SARIO azimuth for the descending orbit). Modeling far-field data requires three dike planes, and two deflating magma chambers ( Figure S7 ). The RMS misfit (40 cm) represents $17% of maximum displacement in the data subset ($240 cm). Average opening reaches 4.5 m, and is deepest along the northern part of the Northern Manda Hararo Rift. At Dabbahu, the best fit is obtained with a steeply eastward dipping dike (78°E). Magma Figure 6 . Graben width, vertical throw, and horizontal dilation across inferred normal faults determined at a series of locations along the dike, showing an E-W asymmetry of the amount of opening across the rift.
Model Geometry 4.2.1. Dike Geometry
chambers are modeled as 1 km 2 square-shaped horizontal cracks, similar to sill-like point sources. We obtain magma chamber depths of 9 km at Dabbahu and 4 km at Gabho. However, using Mogi-like sources instead of sill-like sources would decrease the inverted magma chamber depths by $25% [Fialko et al., 2001] ; keeping this in mind, our estimate is in good agreement with the depth of the cluster of seismicity at 5 km depth below Dabbahu determined by Ebinger et al. [2008] .
[36] The geometry of the 3 dike planes and 2 magma chambers will be fixed in the following to estimate the opening distribution along the dike. The dike plane is discretized into a series of patches 2 km long along strike, and 10 patches along dip (0.5 km width down to 1 km depth, 1 km width down to 4 km depth, 2 km width down to 10 km depth, 4 km width down to 18 km depth). The size of the patches is a compromise between expected accuracy and computational cost. The increase of patch width at depth reflects the decreasing resolution on dike opening at increasing depths [e.g., Lohman and Simons, 2005] .
Faults Geometry
[37] The mapping described in section 3.5 is used to define the location of two conjugate normal faults in the model. The horizontal position of the two fault planes has been carefully adjusted in order to match with the two zones where the maximum gradients of deformation are observed at the surface (Figure 4) . Fault planes are divided in 2 km long patches along strike (40 for eastward dipping faults, 39 for westward dipping faults), and four patches along dip (two patches down to 1 km depth and two patches between 1 and 3 km depth, where they nearly intersect the dike planes). Patches have been intentionally included beyond the southern and northern limits of the fault zone to check whether inverted slip correctly tapers at the extremities of the rift. We assume that all faults have a dip of 65°, a value compatible with active normal faults in magmatic rifts of Afar [e.g., Stein et al., 1991; Manighetti et al., 1998 ]. However, as shown in section 3.6, their kinematic behavior may depart from pure dip slip; thus, opening is also allowed on fault planes in a second inversion. Strike slip is not allowed.
Inversion Method
[38] We use a least squares inversion method, with a nonnegativity constraint to prevent the inversion from producing a negative opening of the dike, or reverse faulting. A minimization of the second spatial derivative of the distribution of opening and slip is also imposed as a constraint in the inversion [Menke, 1989] ; hence, the ''roughness'' of the solution is controlled by a single smoothing parameter l [Jónsson et al., 2002] . This constraint is applied independently to each of the three dike planes, as well as on each of the two fault planes. This means that the opening distribution of an individual dike plane is forced to remain smooth, but is not explicitly linked to the opening or slip distribution on other dike or fault planes; overlaps are thus allowed in the inversion if the data require it. We also forced the opening to vanish below 14 km depth. Finally, we invert for a constant offset on each of the 12 data sets. Two models have been tested: when opening on fault planes is not allowed and when it is allowed. A third model including an hypothetical deflation of a midsegment magma reservoir at $12.30°N, and providing a very different solution for the opening distribution of the dike, is discussed in section 4.4.4.
Results
[39] For low values of the smoothing parameter l, we obtain extremely rough solutions, which do not bear any physical significance. On the contrary, overly high values of l force the slip/opening distribution to become increasingly uniform, at the expense of the fit to the data. A reasonable compromise between these two end-members is found at the corner of the curve obtained by plotting the L2 norm of misfit versus solution roughness (Figure 7 ) [Jónsson et al., 2002] . The preferred solution when only dip slip is allowed on normal faults yields a RMS of 29 cm (solution m1); when opening is allowed on fault planes too, the RMS drops to 26 cm (solution m2). The improvement of the fit from model m1 to model m2 reflects the importance of dilation at shallow depth on eastward dipping fault planes, as was shown in section 3.5.
[40] The displacement field produced by solution m2 is shown in Figure 5b . The opening and slip distribution for solution m2 is shown in Figure S8b . Three distinct zones can be outlined, which correlate spatially with the three previously identified segments: (1) the eastern slope of Dabbahu, (2) the northern part of the Northern Manda Hararo Rift, and (3) the southern part of the Northern Manda Hararo Rift.
Dike Planes
[41] We find that 5 m of opening occur on the dike plane close to the Dabbahu magma chamber, at $5 km depth (Figure 8a ). This zone of opening seems to connect at depth with a larger opening patch farther south, which extends down to a depth of $14 km. A total of $10 m opening occurs at $4 km depth at the location where the two southern dike planes overlap. To the south, smaller values of opening are obtained, with an average 2.5 m down to a depth of $9 km. Opening vanishes at a depth of $1 km.
Dip Slip on Fault Planes
[42] In the Dabbahu area, both solutions m1 and m2 produce slightly larger amounts of slip on faults dipping toward the west, with a maximum of $5 m occurring at the Da'Ure eruptive vent. This is in good agreement with field observations of a total of 5 m of fresh vertical offset at this location [Rowland et al., 2007] . Between Dabbahu and AVC, slip is systematically larger on eastward dipping faults (>3 m) than westward dipping faults (<1.5 m). South of AVC, we obtain a smooth transition toward a more balanced repartition of slip, with $2.5 m on either side of the fault zone (Figure 8b ).
Dilation on Fault Planes
[43] In the vicinity of the Da'Ure eruptive vent, opening on the dike plane in solution m1 is transferred to the eastward dipping plane in solution m2, suggesting that opening is very shallow in this area, with a peak of nearly 8 m occurring at 3 km depth. Along the northern part of the Northern Manda Hararo Rift, the strong asymmetry of slip on normal faults in solution m1 is maintained in solution m2, where both slip and dilation are significantly larger on the eastward dipping fault planes. This may account for the exceptionally strong dilational component observed in the field by Rowland et al. [2007] on the western side of the dike at 12.40°N (Locality 7, see Figure 3 ). South of AVC, moderate dilation occurs on eastward dipping fault planes. Dilation on westward dipping fault planes is everywhere small, suggesting a nearly pure dipslip behavior of faults on the eastern side of the fault zone.
Geometric Moment Release
[44] The geometric moment [King, 1978; Ben-Menahem and Singh, 1981] , defined as the product of the area of a dislocation element (a patch in our model) by the displacement on this element (given by the solution), provides a unified way of comparing the energy release by dike opening, fault dip slip, and magma chamber deflation. The along-strike distribution of geometric moment for solution m2 is plotted in Figure 8b ; solution m1 is plotted for comparison. For solution m2, 45% of the total geometric moment is released by dike opening, 40% by dip slip on normal faults, and 15% by dilation on fault planes (Figure 5b) .
[45] Dip-slip motion on normal faults corresponds to 1.2 km 3 (of which 61% is released on eastward dipping faults). Assuming a modulus of rigidity of 3 Â 10 10 Pa, the total amount of slip on modeled faults is equivalent to a seismic moment release of 3.5 Â 10 19 Nm, which is the amount of energy released during a single M w = 7.0 earthquake [Hanks and Kanamori, 1979] . This is nearly one order of magnitude larger than the cumulative seismic moment released during the September 2005 earthquake swarm (3.4 Â 10 18 Nm, see Figure 2 and the auxiliary material). This discrepancy appears to be ubiquitous in volcanic rift zones [Brandsdóttir and Einarsson, 1979; Solomon et al., 1988; Parsons and Thompson, 1991; Stein et al., 1991; Wright et al., 2006; Doubre and Peltzer, 2007; Keir et al., 2008] .
[46] For the dike, the geometric moment equals its volume, which allows simple volume balances to be made. The volume increase reaches 1.30 km 3 for the dike, and 0.45 km 3 for dilation on fault planes (of which 81% occurs on eastward dipping fault planes). Compared to the results of Wright et al. [2006] ) may arise from a different choice on the depth of the sources in the two models; yet, the total deflation is essentially the same ($0.5 km 3 ). The volume of the shallow dike below the eastern flank of Dabbahu accounts for $0.4 km 3 , which is nearly equal to the total volume loss at Dabbahu and Gabho magma chambers.
[47] The volume of magma emplaced along the Northern Manda Hararo Rift ($1.0-1.5 km 3 ) corresponds to a net volume increase, for which we could not identify any corresponding deflation, probably because the magma source is too deep. In solution m2, opening of the dike at depth was greatest north of AVC, and was smaller south of AVC, a configuration similar to that found by Wright et al. [2006] and Ayele et al. [2007] . The area of opening deficit south of AVC roughly corresponds to the location of dike intrusions of -2009 [Hamling et al., 2008 .
[48] However, the poor resolution at depth makes the solution extremely dependent on the assumptions made regarding the nature and geometry of sources of deformation at great depth. In particular, deflation of a deep magma chamber coeval to dike intrusion and fault slip would induce a widespread subsidence that would significantly bias our solutions if it is not taken into account. In a third inversion, we build on recent evidence for the presence of a >10 km deep magma reservoir (the ''Wal'is magma chamber'') at $12.30°N Keir et al., 2008; Hamling et al., 2008] ; this modeling is not aimed at providing new insights on this deep magma reservoir, but rather is intended to highlight the influence of a deflation at great depth on the opening distribution on the dike plane at shallower depth.
[49] In this third model, the Wal'is magma chamber is modeled as a deflating composite sill/dike at 10 km depth; the choice of a greater depth and/or a different Mogi or silllike geometry does not change our conclusions. The RMS misfit is only slightly smaller than that of the second model, showing that this additional source of deformation cannot be unambiguously detected with our geodetic data set ( Figure 7 ). On the basis of these assumptions, the best solution (m3) yields a 0.37 km 3 deflation of the Wal'is magma reservoir. At this location, the gap in the opening of the dike disappears, and $5 m of opening occur between 1 km and 10 km depth. Compared to the result of , which is roughly reproduced in our solution m2, our solution m3 yields a greater dike opening in the vicinity of the Wal'is magma chamber (at 50 km along strike); yet, the total volume of the dike reported by Wright et al. [2006] (2.5 km 3 ) is greater than our estimate (2.05 km 3 ), because of extreme dilation at depth in the Dabbahu segment in their solution ($10 m). We conclude that the gap of opening south of AVC identified by Wright et al. [2006] may possibly be explained by a deep source of deflation at $12.30°N not taken into account in the model geometry. More observations covering subsequent rifting events in 2006-2009 will be needed to provide better constraints in identifying this potential deep magma reservoir. In contrast, the distribution of slip and opening on fault planes is unaffected by this additional degree of freedom, and is well resolved by the data. Compared to solution m2, the slip profile on faults along the dike south of AVC seems to be in better agreement with the opening distribution on the dike in solution m3, with a maximum at the latitude of the Wal'is magma reservoir, where the dike thickness reaches a local maximum (Figure 8b ). This may reinforce the reliability of solution m3.
Boundary Element Modeling: Asymmetric Behavior of Border Faults
[50] In section 3.6, we showed that our data set documents an asymmetry in the kinematic behavior of normal faults. In section 4, we quantified the partitioning of motion on each side of the dike, and confirmed the strong component of dilation at shallow depth. However, the observation of a different dip for the faults lying on the two sides of the dike made in section 3.5 was not taken into account in the inversions. In this section, we wish to reconcile these observations by investigating whether the presence of preexisting westward dipping dislocations above the dike may be responsible for asymmetric deformation at the surface. For this purpose, we use a Boundary Element Method [Crouch and Starfield, 1983] to fit, by forward modeling, surface displacements derived from our data set using a more complicated, perhaps more realistic, fault geometry.
[51] We focus on the two profiles located across the northern and southern parts of the Northern Manda Hararo Rift, respectively (Figure 3) . The modeling is limited to two dimensions, which is valid in the near field only. The medium is modeled as a homogeneous, stress-free, isotropic, linear elastic half space. For each element, either displacement or stress boundary conditions must be imposed for directions both normal and tangential to the element (two conditions per element). The dike is modeled as a vertical crack subject to a specified triangular-shaped ''driving stress'', defined as the difference between magma pressure and tectonic stress orthogonal to the dike [Pollard et al., 1983; Rubin and Pollard, 1988] . Zero shear displacement is imposed on the dike. In this simple model, the bottom depth of the dike is not constrained, because of the trade-off between dike bottom depth and the intensity of driving pressure.
[52] In Figure 9 , the Coulomb Stress induced by the opening of this vertical crack, resolved on optimally oriented faults, is shown. Crosses indicate the two directions of conjugate planes on which tendency for mode II failure is maximal, based on a coefficient of friction of 0.58 [Rubin and Pollard, 1988; King et al., 1994; King and Cocco, 2001 ]. This picture is little altered by the introduction of a preexisting extensional stress field, which we assume is of low intensity with regard to the stress concentration induced by the opening of the dike. This hypothesis may be supported by models suggesting that magma-assisted rifting occurs at a much lower deviatoric stress than tectonic rifting [e.g., , and by the overall low background seismicity in Afar, which reflects the state of stress in the brittle part of the lithosphere [Rubin and Gillard, 1998 ].
[53] The stress field induced by dike opening at depth favors the formation of two shear zones above the crack tip [Pollard et al., 1983] . Placing conjugate dip-slip faults above the modeled dike has allowed a successful modeling of the vertical deformation measured during previous rifting events [Rubin and Pollard, 1988; Rubin, 1992; Du and Aydin, 1992] . However, this implicitly assumes the preexistence of such faults, which does not seem to be valid on the western side of the dike intruded in 2005 between AVC and Dabbahu (see section 3.5). Our modeling strategy is different: an asymmetry is introduced by changing the kinematic behavior of the eastward dipping fault in order to increase the horizontal component of motion. This is done by dividing the eastward dipping fault into a series of linked subvertical free slipping, free opening dislocations (orange elements in Figure 10) , and shallow-dipping free slipping dislocations (red elements in Figure 10 ). Steep free slipping, free opening dislocations represent the preexisting westward dipping faults that are unclamped by the opening of the dike; their dip can be arbitrary. The dip of the shallow-dipping free slipping dislocations controls the ratio of tangential versus normal displacement across the composite fault. They may represent newly formed ruptures that connect these preexisting defects. The resulting ''fault'' has a hybrid opening: it is geometrically equivalent to a 60°d ipping fault and is kinematically equivalent to a fault dipping at shallower angle.
[54] The result of this asymmetrical modeling of surface deformation is shown in Figure 11 ; a symmetrical solution [e.g., Rubin and Pollard, 1988] , as well as displacements deduced from solution m2 (see section 4) are shown for comparison. In the asymmetrical modeling, a good fit to the data is obtained with ''kinematic'' dip values of the eastward dipping fault of 39°for the northern profile, and 48°f or the southern profile. On the other side of the dike, westward dipping faults dip at 60°, with pure dip-slip motion. Models involving pure dip-slip normal faults only (no hybrid opening) dipping at $40°on the western side of the dike and $60°on the eastern side, with a connection at $1.5 km depth, would give almost identical results. However, such low dips seem unlikely in view of available field observations on normal faults in similar rifting contexts (see section 6 for a discussion). In this modeling, westward dipping faults have a significantly reduced slip, compared to the symmetrical model, but the balance of vertical throw on either side of the dike is preserved. This might indicate that, independently of the mechanism invoked to explain shallow dilation, the necessity of maintaining a symmetry of vertical displacements across the rift may exert a primary control on the amount of extension accommodated across each conjugate set of faults.
6. Discussion
Rifting Process at an Accreting Plate Boundary
[55] Although oceanization is still at an incipient stage in Afar, the Northern Manda Hararo Rift segment, with a $10 km wide, $50 km long median valley and its own central magma supply, is morphologically and magmatically Figure 10 . Conditions imposed on dislocation elements for asymmetrical modeling with the Boundary Element Method (BEM): u and v, tangential and normal displacement conditions; t and s n , tangential and normal stress conditions; DP, driving stress; E, Young's modulus; and n, Poisson's ratio.
an analogue for second-order segments of slow spreading MOR [e.g., Ebinger and Hayward, 1996] . Rifting episodes similar to the current Manda Hararo-Dabbahu episode have also been observed in the hot spot -influenced Northern Volcanic Zone of Iceland (Krafla, Askja), where the brittle crust thickness and spreading rate are similar to Manda Hararo. Rifting in Asal-Ghoubbet (Afar) in 1978 provided another example of a dike intrusion event at an incipient MOR segment. However, on the basis of available observations, comparison with previous events is complicated by the presence of several magma reservoirs that contributed to feeding the September 2005 dikes, and by the asymmetry of both incremental deformation and topography along the northern part of the Northern Manda Hararo Rift segment, two features that have not been observed elsewhere. In this discussion, we focus on the southern part of the Northern Manda Hararo segment, where the dike was emplaced within the axial depression.
[56] The September 2005 Manda Hararo-Dabbahu rifting event demonstrates that dikes can be emplaced, in less than two weeks, by lateral injection over distances of 25-50 km kilometers, without coeval eruption of basaltic lava. The volume of the dike intruded at Manda Hararo-Dabbahu in September 2005 ($1-2 km 3 ) is approximately 2 to 10 times larger than the volume of the largest and first dike of the Krafla rifting episode, in December 1975 ($0.1-0.5 km 3 [Tryggvason, 1984] ), and is 5 to 10 times larger than the dikes emplaced in the Asal-Ghoubbet rift (Djibouti) in November 1978 ($0.2 km 3 ). Theoretical studies have shown that the dynamics of dike emplacement is controlled through time by the interplay of parameters driving magma injection (magma pressure balance and deviatoric stress), parameters acting against magma injection (viscous dissipation along the dike, reduction of dike section due to freezing along dike walls), and parameters limiting the velocity of crack propagation (energy spent in advancing the process zone, viscous resistance of flow of magma into the tip region, freezing of the dike tip, pressure drop as dike lengthens) [Weertman, 1971; Spence and Turcotte, 1985; Bruce and Huppert, 1989; Lister and Kerr, 1991; Fialko and Rubin, 1998 ].
Another approach interprets the topographic lows at segment extremities as ''potential wells'' that drive lateral dike propagation, and attract the first dikes that escape from the central magma supply [e.g., Tryggvason, 1984; . However, in September 2005, maximum opening of the dike occurred around the segment center, where altitude is not minimal, and intrusion did not propagate down to the depression located south of $12.15°N, suggesting that the along-axis slope is not the factor controlling dike emplacement.
[57] A simpler point of view, which ignores these complexities, states that maximum opening during a dike intrusion is, to the first order, controlled by the amount of driving stress along the rift segment, with this stress, on average, depending on the time interval since the previous event. At segment extremities, where overlap with nearby segments usually occurs, dikes may be arrested by the ''stress shadow'' induced by recent rifting activity on the other segment [Björnsson, 1985] . Opening during the September 2005 rifting event ($5 m), and spreading rate at Northern Manda Hararo (10 -20 mm/a) [Vigny et al., 2006] , yield a recurrence time of 250-500 years for similar rifting episodes; this is a lower bound, as the total amount of opening will not be reached before the end of the episode.
[58] Such a long recurrence time implies a high level of accumulated elastic strain at the time of rifting initiation, hence a low ratio of effective modulus to effective failure stress (or strain to failure strain) [e.g., Gudmundsson, 1990] . The thick brittle crust at Manda Hararo ($8 -10 km, as inferred from the depth of earthquakes and the maximum depth of dike intrusion in 2005 Ayele et al., 2007] ) may explain the high strength of the crust there. Another factor pointing to a strong crust is the absence of a shallow magma chamber at the center of the rift, which would weaken the brittle lithosphere, inducing more frequent rifting episodes [Björnsson, 1985; Gudmundsson, 1990; Takada, 1989] . The magma reservoir that fed the bulk of the dike in the southern part of the Northern Manda Hararo segment was probably deeper than 10 km, lacking clear expression in the geodetic data (see section 4). For comparison, the dike- feeding Krafla magma chamber is 3 km deep [Tryggvason, 1986] , the Asal-Ghoubbet central magma chamber is 3 -5 km deep , and the roof of the several central magma reservoirs of the Mid-Atlantic Ridge lie at $3-4 km [Smith and Cann, 1999; Rabain et al., 2001; Dunn et al., 2005; Singh et al., 2006] .
[59] Yet, one important point is that plate separation did not occur in a single dike injection at Manda Hararo and Krafla, as residual tectonic strain is accommodated by subsequent rifting events [Arnott and Foulger, 1994; Hamling et al., 2008] . Besides confirming that the width of the dikes is limited by the amount of magma available at the onset of rifting [Rubin, 1992; Qin and Buck, 2008] , this possibly allows to place an upper bound to the size of the feeding magma chamber [Ida, 1999] . However, in order to allow repeated rupture of the roof of the magma reservoir despite the progressive decrease of tectonic stress caused by successive intrusions, a mechanism to rapidly build up the pressure in the feeding magma system is required between intrusion events [Einarsson and Brandsdó ttir, 1980; Tryggvason, 1984; . Such mechanism has yet to be understood.
[60] An ''active'' type of rifting may be represented by the massive 1783-1785 Laki episode (Iceland). There, a copious fissural eruption ($15 km 3 ) may have been sourced directly from a large subcrustal ($10 km deep) overpressured reservoir, possibly implying very long recurrence times [Gudmundsson, 1987; Sigmarssson et al., 1991; Thordarson and Self, 1993; McLeod and Tait, 1999; Allen et al., 2002] . In contrast, during the rifting episodes of AsalGhoubbet (Djibouti), Krafla (Iceland) and Manda HararoDabbahu, the total volume of basaltic magma emplaced in the crust was substantially larger than the volume extruded as lava flow, suggesting a more passive mechanism of rifting [e.g., Björnsson, 1985; Stein et al., 1991] . At Krafla, activity became predominantly effusive only in the final years of the rifting episode. The modest eruptive activity associated, so far, with the current rifting episode at Manda Hararo-Dabbahu (>2 km 3 emplaced as dikes from 2005 to 2009, and probably <0.01 km 3 extruded in August 2007 [Hamling et al., 2008] ) suggests that the level of tectonic stress is still high and that more dikes are expected in the future. This also indicates that, in the Northern Manda Hararo Rift, the input of basaltic magma to the rift system primarily serves as a material for dike intrusion and, ultimately, crustal accretion, in close analogy with slow spreading MOR segments [e.g., Smith and Cann, 1999; Dziak et al., 2004] .
Origin of the Asymmetry Along the Northern Part of the Northern Manda Hararo Rift
[61] In a magmatic rift where successive rifting episodes occur within a laterally restricted area, normal faults can link up and grow. Cumulative deformation over a long period (at least several thousand years) creates a typical ridge-trough-ridge topography; occasional effusive magmatic activity does not modify this overall shape, but rather acts as a smoothing agent [e.g., de Chabalier and Avouac, 1994; Behn et al., 2006] . Rift topography is well expressed in the rift south of AVC, which consists of a $10 km wide axial depression, but it is less marked in the northern part of the Northern Manda Hararo Rift. There, faults ruptured at the top of the rift shoulder (see Figure 3 and profile N in Figure 11 ) [Rowland et al., 2007] . In addition, during the September 2005 rifting event, more dilation occurred on the western side of the dike than on its eastern side. The population of scarps that have built the topography of the northern part of the Northern Manda Hararo Rift is also asymmetric: mapping and classification of the fault population that slipped during the Manda Hararo-Dabbahu episode has shown that most faults dip toward the west, including those with the largest offsets. Only a minority of faults dip toward the east, and most of them have a modest cumulative throw (see section 4 and Figure 3 ). In the northern part of the Northern Manda Hararo Rift, on the eastern side of the September 2005 dike, several westward dipping border faults are well expressed in the topography, and dip-slip motion on these faults during the rifting event is compatible with observed deformation (Figure 11 ). On the contrary, no fault scarp associated with a mature eastward dipping fault can be found west of the dike.
[62] Another intriguing observation is that, along the northern part of the Northern Manda Hararo Rift, the ratio between horizontal extension versus vertical throw across inferred eastward dipping faults on the western side of the September 2005 dike is larger than 1 (Figure 6 ). This may suggest that these inferred normal faults dip at low angle. However, this would contradict observations made at active and extinct magmatic rifts in Afar, Iceland and the MidAtlantic Ridge, where normal faults usually dip at a steep angle [e.g., Brandsdóttir and Einarsson, 1979; Forslund and Gudmundsson, 1991; Stein et al., 1991; Angelier and Bergerat, 1997; Manighetti et al., 1998; Singh et al., 2006; Rowland et al., 2007] .
[63] In contrast, low ratios of width:throw have been reported on steep faults in the Möfell area, on the eastern side of the Krafla rift (northern Icelandic rift), about 15 km north of the Krafla caldera [Opheim and Gudmundsson, 1989; Dauteuil et al., 2001] . In Afar, InSAR data may also suggest that current deformation in the Asal-Ghoubbet rift is controlled by two conjugate faults accommodating a quantity of horizontal extension equal to or larger than vertical motion measured across them; this effect appears to be more pronounced on the fault that has the smallest topographic expression [Peltzer and Doubre, 2006] .
[64] It has been suggested that this peculiar kinematic behavior may be typical of the early stage of normal fault growth. In a magmatic rift, normal faults form in response to the stress field induced by the opening of a magma-filled crack at depth [Pollard et al., 1983] . Large normal faults usually grow by increasing the vertical throw of preexisting tension fractures; the existence of subvertical columnar joints within the lava pile might introduce a significant weakness of the rocks when subject to horizontal extension, thus favoring a vertical direction for initial failure [Opheim and Gudmundsson, 1989] . However, a purely tensile stress regime may only exist at shallow depth, and a connection between superficial tensional fractures and deep magmafilled vertical cracks (the dike) via a normal fault at intermediate depth is required [Angelier and Bergerat, 1997; Acocella et al., 2003; Tentler, 2005] .
[65] Yet, it is not clear how the transition from a situation dominated by extensional fractures with no vertical throw, to well-developed normal faults for which the steep dip implies that little horizontal extension can be accommodated, is achieved. Physical model experiments of Mastin and Pollard [1988] provide an alternative view of the processes that occur at intermediate depths. They suggest that vertical cracks may first open, and then link up via inclined shear dislocations, thus forming a steeply dipping zone, where both mode I and mode II combine and accommodate much more extension than a single shear dislocation with the same average dip angle. Accordingly, mode I cracks involve the formation of voids. The theoretical calculations of Gudmundsson [1992] show that, in the Iceland rift zone, tension fractures can actually open at crustal depths of 0.5 -1.5 km, before connecting and eventually forming a mature normal fault. The additional effect of pore pressure in the rocks can increase these estimates and should be taken into account because of the presence of fluid-filled voids at seismogenic depth in Afar [Noir et al., 1997] . We argue that the observations presented in this paper document the incremental deformation associated with the formation of nascent normal faults on the western side of the September 2005 dike in the northern part of the Northern Manda Hararo Rift.
[66] We further propose that the observed dilation during the birth of a crustal shear zone results from an inelastic dilatancy effect similar to that reported prior to fault growth and rupture of the sample in triaxial compression experiments [Brace et al., 1966] . Following the ideas of King and Sammis [1992] , we present a conceptual model that attempts to explain the striking features of surface deformation across the northern part of the Northern Manda Hararo Rift during the September 2005 dike intrusion (Figure 12 ). During the initial stage of formation of a fault gouge, tensile fractures first nucleate, and induce a dilatancy of the rock mass. Rotation of the ruptured blocks/grains then occurs. This process is self similar, and the amount of dilatancy depends on the scale of the largest preexisting defects. In the laboratory, this may be the grain size. In the case of the 2005 Manda Hararo-Dabbahu rifting event, preexisting westward dipping normal faults represent barriers that must be broken to form an eastward dipping shear zone. The anisotropy caused by the presence of these largescale defects may amplify the dilatancy involved in the growth of eastward dipping faults that connect the dike to the surface. On the eastern side of the dike, mature westward dipping faults may have slipped in a pure dip-slip fashion.
Two-Stage Rifting Scenario
[67] The location of dike emplacement at MOR can show some lateral variability, but dikes are generally observed to remain confined within the limits of the median valley [Chadwick and Embley, 1998; Smith and Cann, 1999] . The odd position of the dike with respect to the axial depression in the northern part of the Northern Manda Hararo Rift segment may thus be explained by a progressive eastward migration of the average dike location on the long term. Broad-scale interaction of the Manda Hararo Rift with nearby overlapping rifts, in particular the Alayta segment, might provide an explanation for the out-of-equilibrium state of the northern part of the Northern Manda Hararo Rift on timescales of $1 Mya [Tapponnier et al., 1990; Manighetti et al., 2001] . Another possibility is that the average position of dikes is correctly indicated by the trend of the axial depression in the southern part of the Northern Manda Hararo Rift segment only, where the September 2005 dike emplaced inside the depression; in contrast, rifting in the northern part of the Northern Manda Hararo Rift segment occurred to the east of the axial graben, which is not well developed, suggesting a greater variety of lateral position of dikes in this area, possibly as a result of the interference of successive dike intrusions coming from the north (Dabbahu) and offset to the east, and coming from the south (Northern Manda Hararo) and offset to the west (Figures 3 and 11) .
[68] From June 2006, dikes have been injected along the southern part of the Northern Manda Hararo segment, and a major basaltic feeder was identified in the middle of the Northern Manda Hararo Rift segment Keir et al., 2008] . During these later dike intrusions, magma chambers in the Dabbahu area did not show signs of deflation [Hamling et al., 2008] . This suggests that two distinct sources of magma upwelling are currently active in the Manda Hararo-Dabbahu rift system, and that both sources may have contributed to feeding the September 2005 intrusion: first, a dike fed from a deep magma reservoir below Dabbahu, was emplaced below the eastern flank of Dabbahu; then, a series of bilateral intrusions originating from a deep midsegment reservoir at $12.30°N relieved part of the tectonic strain in the Northern Manda Hararo Rift. The apparent migration of seismic activity during dike emplacement, with a shift toward the south on 24 September 2005 Ayele et al., 2007] , may support this two-stage magma intrusion scenario.
[69] The course of events in the Da'Ure area is less clear. Identification of an accelerating inflation at Gabho prior to the September 2005 rifting event suggests that pressure in the underlying magma chamber was high at the time when rifting commenced ( Figure S9 ). At some time during the ascent/injection of the Dabbahu dike, cracking of Gabho magma chamber probably occurred, and magma of felsic composition escaped and was emplaced at shallow depth below Da'Ure. From 24 September 2005, northward migration of the dike away from the Wal'is magma reservoir initiated, and basaltic magma came into contact with silicic products in the Da'Ure area, leading to the eruption of 26 September 2005 Ayele et al., 2007] . Complex interactions between vertically and/or horizontally migrating magma-filled cracks, pressurized magma chambers at shallow depth, and the effect of topographic load in the Dabbahu area might have resulted in the eastward offset of the dikes between Dabbahu and AVC.
Conclusions
[70] In this paper, in addition to InSAR, subpixel correlations of SPOT and SAR images were introduced in a geodetic inversion of the September 2005 rifting event at Manda Hararo-Dabbahu. This complementary geodetic data set shows that $1-2 km 3 of mafic magma were emplaced as a dike extending to a depth of 10 km. Faults ruptured the surface above the 65 km long dike, individualizing a subsiding keystone-like wedge of crust. On average, absolute subsidence reached 2 m between the faults, while the uplifted shoulders rose by 2 m. Simple volume balance suggests that (1) material withdrawn from the Dabbahu and Gabho magma chambers has fed a shallow dike centered on the Da'Ure eruptive vent and (2) the dikes intruded along the Northern Manda Hararo Rift segment may have been sourced from a distinct magma reservoir. Subsequent smaller rifting events occurring in the following years with a $2 -4 months periodicity strongly suggest the presence of a midsegment magma reservoir at depth greater than 10 km. Assuming that this latter magma reservoir deflated simultaneously to dike intrusion in September 2005, elastic modeling predicts a broad subsidence that would be superimposed on the deformation caused by dike opening and fault slip at shallower depth; this effect, although probable, is virtually undetectable with our data set. Taking this deflation into account increases from $1.5 m to $5 m the amount of opening predicted by our inversions for the dike near its center, and highlights the large uncertainties in the opening distribution at depth in geodetic inversions of rifting events.
[71] In the sector located between the deflating magma chambers in the Dabbahu area and the suspected midsegment magma reservoir, slip on faults is asymmetric, with a substantial amount of dilation occurring on the western side of the dike. This occurs where the dike is offset to the east with respect to the axial topographic depression, and is interpreted to result from dike injection below a mechanically anisotropic brittle crust.
[72] On the basis of these observations, a two-stage scenario for the September 2005 dike intrusion is presented. We suggest that magma originating from a deep reservoir below Dabbahu volcano was first intruded into a dike below the eastern flank of Dabbahu volcano. This pulse of magma may have triggered the current rifting episode in the Northern Manda Hararo Rift, which is fed by a deep magma reservoir located at the center of the segment, similar to the process thought to occur at MOR. Complex interaction between ascending mafic magma and preexisting silicic chambers at Da'Ure may explain the eruption of silicic products coeval to dike intrusion.
[73] The large volume of magma involved in the September 2005 Manda Hararo-Dabbahu rifting event ($1-2 km 3 ) is twice the cumulative volume of dikes intruded at Krafla (Iceland) from 1975 to 1984, and more than 5 times the volume of the dikes emplaced in 1978 at Asal-Ghoubbet (Djibouti) in 1978. It suggests a large tectonic stress at the onset of rifting, probably resulting from a long recurrence time (>250 years). The thickness of the crust, and the absence of a midsegment magma chamber at shallow depth may indicate that the brittle lithosphere is stronger at Northern Manda Hararo than at more evolved magmatic segments of the Krafla rift, Asal-Ghoubbet rift and at slow spreading MOR. The occurrence of more rifting events in [2006] [2007] [2008] [2009] implies that the tectonic stress was not fully relieved by the 2005 rifting event, suggesting a limited magma availability at the onset of the rifting episode.
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